The distribution and substitution mechanism of Ge in the Ge-rich sphalerite from the Tres Marias Zn deposit, Mexico, was studied using a combination of techniques at μm-to atomic scales. Trace element mapping by Laser Ablation Inductively Coupled 
Introduction
Consumption of germanium for use in light-emitting diodes, fiber-optic systems, and satellite and terrestrial solar cells, has significantly increased in recent years, highlighting the need to ensure an adequate future supply of germanium. Currently, germanium is extracted commercially from some Ge-rich coal seams and from zinc concentrates from some Zn-Pb mining operations, in which Ge is hosted within the common sulfide mineral sphalerite (ZnS) [1, 2] . Germanium is particularly enriched in relatively Fe-poor sphalerite from Mississippi Valley-type (MVT) deposits formed at relatively low temperatures [2] .
The mechanism by which Ge is substituted into the sphalerite crystal lattice has long been the subject of debate. Some authors (e.g., [3] [4] [5] ) have favoured incorporation of Ge 4+ into the sphalerite structure, implying either coupled substitution or vacancies to achieve charge compensation. For example, [5, 6] invoke the 3Zn 2+ ↔ Ge 4+ + 2Ag + substitution for the incorporation of Ge (up to 1200 ppm) in Ag-rich (max 1000 ppm) sphalerite from a French vein-type deposit, based on a coarse correlation between Ge and Ag. In contrast, [6, 7] found no significant correlation between Ge and other elements in sphalerite from different base metal mineral deposits containing tens to hundreds of ppm Ge, and suggested that Ge might be directly substituted as Ge 2+ for Zn 2+ or, alternatively, the substitution mechanism involves Ge 4+ , but with vacancies to maintain charge balance. Understanding the oxidation state of Ge in natural sphalerite is critical for modeling element substitution mechanisms. We used X-ray Absorption Near-Edge Structure (XANES) micro-spectroscopy to investigate the Ge oxidation state in a relatively Ge-rich sphalerite (~1000 ppm); higher concentrations up to ~3000 ppm are only known from a limited number of occurrences worldwide [8] . We studied cm-sized pieces of sphalerite ore from the Tres Marias Zn deposit, Mexico [9] . In this material, Ge concentrations correlate positively with the Fe contents. This presents us with the opportunity to also investigate the oxidation state of Fe in substituted sphalerite. Although Fe is normally considered to occur only as Fe 2+ in sphalerite (e.g., [10, 11] ), we aim to establish whether this assumption is also true for Ge-rich sphalerite, or whether there is any evidence for the presence of Fe 3+ .
Sample Description

Macro-to μm-Scale
The sample comprises massive sphalerite with a characteristic bladed appearance, possibly suggesting the co-presence of wurtzite at the smallest scale, as in other specimens considered to consist only of sphalerite (Pring et al. unpublished results) . Powder X-ray diffraction studies showed that the sample consists of a fine-scale intergrowth of sphalerite and wurtzite-2H, with the ratio of the two minerals ranging from 10:1 down to 4:1. Two compositionally distinct areas (Fe-rich and Fe-poor) are recognized on the surface of our polished mount. A ragged boundary separates the two areas (Figure 1f in [6] ). The Fe-rich sphalerite consists of aligned blades, typically 50-200 μm in length, and with irregular to lamellar grate-like features within some blades that are distinct in reflected light or back-scattered electron images. Figure 3a in [9] shows a back-scattered electron image with "delicate lamellar to dendritic" textures identical to those described here. The Fe-poor sphalerite has the same general appearance but is distinct by having a markedly greater porosity along the individual blades.
Published Electron Probe (EPMA) and Laser Ablation Inductively-Coupled Plasma Mass Spectrometry (LA-ICP-MS) spot analyses of the same hand specimen [6] gave Fe contents of 3.14 wt% [(Zn0.95Fe0.05)S] and 8.72 wt% [(Zn0.85Fe0.15)S] in the low-and high-Fe sphalerite, respectively. Germanium is enriched in the Fe-rich area of the polished mount. Mean Ge concentrations, as measured by LA-ICP-MS, are 252 and 1081 ppm in the Fe-poor and Fe-rich areas, respectively. Cadmium concentrations are ~5000 ppm in both areas. Other elements present at significant concentrations (LA-ICP-MS data) are As (means of 572 and 434 ppm in Ge-Fe-rich and Ge-Fe-poor areas, respectively), Pb (1349 and 3090 ppm) and Tl (158 and 53 ppm). Silver and Cu concentrations are a few ppm and a few tens of ppm, respectively. Gallium concentration is ~25 ppm in the Fe-poor sphalerite but an order of magnitude lower in the Fe-rich area.
LA-ICP-MS trace element maps across the boundary between the two compositionally distinct areas were obtained to further characterize the material. Analytical procedures and operating conditions follow [12] , using the sulfide-matrix Mass-1 [13] as a reference material, and Zn as the internal standard. The maps ( Figure 1) show a striking compositional heterogeneity, highlighting the differences between the Fe-rich areas, and that Ge enrichment closely follows Fe and is also associated with enrichment in Ag, Hg, Mn, Tl and As, and that there is an inverse relationship between (Ge,Fe) and Zn. Silver, In and Sb display a subtle zoning relative to the boundary between the two areas. The sum of cations likely present in the monovalent state, (Cu + Ag + Tl) which were observed to play a role in maintaining charge balance in galena [14] , is only a fraction of that of Ge. 
Nanoscale Sample Characterization
FIB-SEM, synchrotron microbeam X-ray fluorescence microscopy and TEM techniques were employed, following [15] , to assess (i) if the micron-scale textural and compositional heterogeneity observed in the Tres Marias material (Figure 1f in [6] ; Figure 1 ) extend down to the nanoscale; and (ii) to understand the relationships between the ZnS polytypes at the nanoscale, in view of the co-existence of variable mixtures between sphalerite (3C) and wurtzite (2H) indicated by the X-ray powder diffraction data obtained on bulk material. FIB-SEM cross-sectioning and imaging were performed in each of the two areas, (Ge-Fe)-rich and -poor (Figures 2 and 3) . The FIB cut in the (Ge-Fe)-rich area was done across the boundaries of blades with or without the characteristic, intricate sub-structure defined by perpendicular grating (subsets of short lamellae; Figure 2a ). This type of pattern extends in depth, in particular in the middle part of the wall exposed by FIB cross-sectioning (Figure 2b ). Further complexity, however, is shown by the presence of coarse grains (equant domains) on the cross-section margins (arrowed on Figure 2b ). The darkest and most homogenous parts on the Secondary Electron (SE) images are present either in these grains or in the adjacent vertical structures. In detail, both vertical and horizontal lamellar sets show sub-μm heterogeneity on SE images (Figure 2c ). Moreover, sub-μm pores ± inclusions are present at the boundary and within the horizontal lamellar sets (circled on Figure 2c The cut in the (Ge-Fe)-poor area was also performed perpendicular to the elongation highlighted in this case by sets of microfractures, trails of pores and secondary mineral inclusions ( Figure 3a) . FIB cross-sectioning reveals filled fractures and cavities at depth, as well as the presence of irregularly shaped darker areas within a brighter matrix (Figure 3b ). In detail, the relict character of the darker portions is further highlighted by marginal cracks and relationships with larger cavities (Figure 3c ). Compared to the (Ge-Fe)-rich area, the replacement character is well developed, and the brighter matrix features patchiness in shades rather than fine zoning.
Synchrotron X-ray Fluorescence Microscopy using a Vortex silicon drift detector [16] at the Australian Synchrotron was used to obtain element maps of the FIB-prepared slice from the (Ge-Fe)-rich sphalerite ( Figure 4 ) following the same sample preparation approach as [17] . The incident X-ray beam was focused with a Fresnel zone plate to a spot size of ~200 nm. The maps show that the μm-scale substructures identified by FIB cross-section imaging are also expressed by compositional variation, i.e., the darker (on FIB image; Figure 2b ,c), relict (?) parts are Zn-and As-poor but clearly Fe-and Ge-rich relative to the brighter parts.
High-resolution TEM imaging of FIB-prepared foils from the (Ge-Fe)-rich area shows irregular boundaries separating grains of different orientation (Figure 5a ). In detail, the nanoscale textural complexity is further highlighted by sets of irregular [11 0] twins. Such twinning is one of the main mechanisms for polytype transformation between the 3C cubic and nH hexagonal ZnS polytypes (e.g., [15, 18, 19] . However, the dominant component of the sample is 3C sphalerite featuring lattice-scale defects of which most abundant are stacking faults along (hkl)* directions (Figure 5b) . Indexing of the image in Figure 5b is shown in the Fast Fourier Transform (FFT) diffraction in Figure 5e . Similar irregular twin domains and defects have been described for Fe-rich Toyoha sphalerite [15] . Secondary Electron (SE) images of (Ge-Fe)-rich areas showing: (a) location of FIB cut across the intricate sub-structure combining elongate blades and perpendicular subsets of short lamellae (marked); (b) extension of surface structures in depth exposed by FIB cross-sectioning in the middle part of the wall. Note presence of equant domains (arrowed) on the cross-section margins; the rectangle shows the area mapped in Figure 4 ; (c) detail of lamellar structures showing sub-μm scale heterogeneity; pores ± inclusions are circled; (d) detail of a coarse grain with darkest appearance showing boundary relationships with brighter grain; note partial corrosion on one side (arrowed); (e,f) details of sub-μm-scale heterogeneity expressed as fine banding in the brighter domains exposed in different orientations; pores ± inclusions are circled. FIB-SEM work performed on a Dual Beam FEI Helios Nanolab FIB-SEM platform at Adelaide Microscopy following methods outlined by [15] . Figure 5a ). Relationships across the grain boundary can also be clearly seen from the orientation of dominant lattice fringes (75° to one-another). Transformation into wurtzite takes place by twinning along the (111)* direction of initial sphalerite (3C polytype) which corresponds to the c* axis of wurtzite or other hexagonal ZnS polytypes (c*nH). This means that the stacking direction of horizontal sets of lamellae in Figure 2 are along the (111)* axis of sphalerite epitaxial with c* axis in wurtzite. Figure 2b) . A 200 nm step size was used; which corresponded to the approximate beam size (Australian Synchrotron) and was also nearly identical to the smallest possible beam size. The maps show that the μm-scale structures identified by FIB cross-section imaging are also expressed by compositional variation, i.e., the darker, relict domains are Zn and As-poor but clearly Fe-and Ge-rich relative to the brighter domains. The map lower right is a composite of the Fe (red), Zn (green) and Ge (blue) maps.
μ-XANES Data
Germanium, Cu and Fe K-edge XANES spectra were collected at the Microfocus Spectroscopy Beamline (I18), Diamond Light Source Synchrotron facility, UK I18 uses a Si(111) monochromator, the incident X-ray beam was focused to ~2 × 2 μm 2 using Kirkpatrick-Baez (KB) mirrors. The fluorescence data were collected using a four-element Si-Drift detector and transmission data with ion chambers. Ge and Cu XANES data were collected in fluorescence mode from the Ge-Fe-rich area of the polished mount. Al and Ni filters were used to cut down fluorescence from Zn at the Ge edge. Fe Kα data were collected in transmission from pressed pellets made from the powdered sample diluted with boron nitride (BN). XANES/EXAFS (Extended X-ray Absorption Fine Structure) were measured on the reference materials, which included GeO2 (99.999%, Strem Chemicals; tetragonal modification with quartz-like structure [20] ); germanite Cu13Fe2Ge2S16 (South Australian Museum (SAM) G4777, Tsumeb Mine, Namibia; Ge, Cu, Fe); partially oxidized powdered Ge metal (British Drug House (BDH)) Chemicals; 99.99% Ge); stannite (Cu2FeSnS4, SAM G19206 Yaogangxian Mine, Hunan, China; Cu, Fe); and chalcopyrite CuFeS2 (SAM G22621, Moonta Mines, South Australia; Cu, Fe). In addition, argyrodite Ag8GeS6 (Museum Victoria (M), Melbourne, Australia, sample number M3071; [21] ); renierite Cu11ZnGeFe4S16 (M47647); synthetic GeS2 glass (synthesized by heating high-purity (5N) Ge and S that had been vacuum sealed in quartz ampules to 900 °C, rocked for 10 h and then quenched in air [22] [23] [24] ); synthetic GeSe2 glass (synthesized via the melt-quenching method [25, 26] ); and synthetic GeS (orthorhombic; Strem Chemicals, 99.999%) were measured in transmission mode on pellets either at the X-ray Absorption Spectroscopy (XAS) beamline of the Australian Synchrotron or at BM18, the Core EXAFS beamline at the Diamond Light Source. Beamline energies were calibrated using Fe and Cu foils as well as Ge-metal; in addition, the same GeO2(s) pellet was measured at all three beamlines to provide a direct comparison across the datasets. The assignment of the oxidation state of Ge in sulfide minerals is poorly constrained, as these minerals are generally structurally and compositionally complex. Ge is assumed to exist in tetravalent form in known Ge-sulfide minerals, and is present in tetrahedral coordination with Ge-S distances in [31] . Only in the GeS2 glass can the oxidation state be formally assigned as Ge 4+ and here the Ge is tetrahedral with Ge-S distances of 2.224 Å [32] . The Ge-S bond length in the GeS2 glass was refined from our data to be 2.231(9) Å with a Debye-Waller of 0.0023(6) Å 2 . Divalent germanium typically occurs in triangular pyramidal coordination in oxide and halogenide compounds, with a stereochemically active lone electron pair oriented opposite to the triangle of anions, similar to As 3+ [33] . In GeS(orthorhombic), Ge 2+ exists in 3 + 2 coordination, with Ge-bonding distances significantly greater than in 4 + compounds (3 × 2.441; 2 × 3.270 Å [34] ).
The low Ge and high Zn concentrations (Ge Kα1 fluorescence line at 9.886 keV receiving some background from the Zn Kβ1 line) resulted in rather noisy Ge spectra for the Tres Marias sphalerite; however, the spectra measured on different points on the sample were similar. The average of five Ge Kα edge spectra for Ge-bearing sphalerite is shown in Figure 6a , along with reference materials. The "white line" (peak) for the Tres Marias sample aligns with that of germanite, argyrodite, renierite, and the GeS2 glass, indicating that the oxidation state and local environment (geometry, nature of ligands) of Ge in these samples are similar. Plots of the derivative for the XANES spectra (Figure 6b) show that: (i) the peak of the derivative (inflexion point) for GeO2 is shifted by ~5 eV relative to the first peak of oxidized Ge metal; (ii) the second peak of the Ge metal aligns well with GeO2, demonstrating that the metallic powder was partially oxidized into Ge +4 ; and (iii) the peak for germanite lies between metallic Ge and GeO2 (~3 eV below GeO2), but 2 eV above that of GeS; the peak of GeS is at approximately the same position as metallic Ge. The alignment of the Tres Marias sphalerite, germanite, renierite and argydorite spectra with GeS2 glass indicates that Ge is present as Ge 4+ in all these minerals. In general, the edge position shifts towards higher energy with increasing valence state of the resonant atom, as the energy shift of a core state is directly related to the variation of the atomic electronic occupancy [35] . This correlation is strong for semi-metals such as As (e.g., [36] ) and Te (e.g., [37] ), for which the energy of the first peak in the derivative of the XANES spectrum shifts nearly monotonically with formal oxidation state, regardless of the associated ligand. Exceptions to this rule exist, notably chromium [38] , where the shift in edge energy for Cr 3+ with various ligands is comparable to the shift between Cr 0 and Cr
6+
. After examining the density of states, [38] concluded that geometry and not electronegativity was the driving factor behind these large energy shifts. In the case of Ge, the large shift between GeO 2 and GeS2, both of which contain tetrahedral-coordinated Ge 4+ is surprising and cannot be explained by geometry. It must be predominantly related to the effect of the ligand. Note that both S and Se have a similar effect relative to O (Figure 6 ). The electronegativity of Ge favors covalent bonding with many ligands; Ge-O bonds have about 31% ionic character and Ge-S bonds only 7% [39] .
Fe K-edge XANES were collected on the Tres Marias sphalerite, and Fe and Cu K-edge XANES were collected on germanite, a sphalerite-derivative [31] . The edge position in Fe and Cu K-edge XANES spectra is commonly obscured [40] , and most determinations of oxidation states rely on empirical calibrations, which depend, in turn, on the material investigated [41] . For the Fe data, most calibrations rely on the position of the pre-edge (1s → 3d) at around 7113 eV. In all the minerals shown in Figure 7a ) in germanite. Germanite contains four tetrahedrally-coordinated Cu sites [31] . The Cu-XANES spectrum of germanite is close to that of stannite, in which the formal oxidation state of copper is +1. The lack of pre-edge at ~8980 keV (arrow A in Figure 7c ) and the distinct pre-edge appearing as a shoulder at 8983 keV (arrow B in Figure 7c ) are key features of Cu + compounds, suggesting the strong monovalent character for some of the Cu in germanite ( [40] , Figure 7c,d ). This situation is analogous to covellite (CuS), which based on the structural formula Cu
contains both Cu(I) and Cu(II) in 2:1 ratio [43] . However, XANES and X-ray photoelectron spectroscopy (XPS) data show little evidence for Cu(II) in covellite [44, 45] , reflecting the covalent nature of the Cu-S bonds and the mainly monovalent nature of Cu in this mineral.
Discussion
According to the XANES data, germanium is present as Ge 4+ in the natural Ge-sulfides germanite, argyrodite, and renierite as well as in the Tres Marias sphalerite. Iron in the sphalerite is predominantly in divalent form, while Fe in germanite is mixed valence. Copper in germanite has a strong monovalent affinity and XANES does not confirm the presence of Cu(II) in germanite. This study also demonstrates the versatility of synchrotron radiation for the determination of chemical state of trace elements in natural minerals [46, 47] .
The stable oxidation states of Ge in the solid state are Ge 2+ and Ge
4+
. Germanium is an element of low crustal abundance; most Ge is found in small amounts (few ppm) in silicate minerals, due to isomorphous substitution of Ge 4+ for the Si 4+ [8] . Germanium forms discrete Ge-minerals in a limited number of ore deposits, notably in the Tsumeb Mine, Namibia [48] and the Apex Mine, Utah, USA [49] . Ge 4+ is present in all known minerals where the germanium oxidation state can be established unambiguously. Ge 2+ was proposed by [50] to occur in the Ge-spinel, brunogeierite (Fe2GeO4), but a recent re-investigation has shown that ideal, end-member brunogeierite is (Fe 2+ )2Ge 4+ O4 [33] . [51] suggested that Ge 2+ substitutes for Pb 2+ in anglesite and cerussite from Tsumeb (50 to 500 ppm Ge). Germanium is assumed to be transported in the tetravalent state (e.g., germanic acid, H4GeO4(aq), and its dissociation products, and possibly chloride and fluoride complexes) in hydrothermal fluids [52] . However, we note that Ge 2+ is stable in aqueous solutions even at room temperature (standard potential of 0 V for the Ge
reaction [53] ). Complexing and increase in temperature will increase the relative stability of the Ge 2+ oxidation state in hydrothermal solutions (e.g., compare with tellurium; [54] ). The first unambiguous occurrence of Ge 2+ in a natural mineral may have been observed by [55] . On the basis of XANES and EXAFS data, [55] suggest the presence of both Ge 2+ and Ge
in Ge-bearing MVT-type sphalerite from Tennessee. The material studied by Bonnet et al. [55] is clearly different from that studied here. These differences are emphasized by the additional observation of (argutite-like) Ge 4+ surrounded by oxygen atoms, and an inverse correlation between Ge and Fe in the Tennessee material.
Combined with the LA-ICP-MS data that show no correlation between Ge and monovalent cations substituting in the Tres Marias sphalerite, our XANES data suggest that the substitution of Ge [11] used autocorrelation analysis of infrared spectra of Fe-bearing sphalerites to show that there is little strain introduced into the structure associated with Fe substitution of Zn. Thus the concentration of Ge 4+ in iron-rich domains appears to be a distinct characteristic of the Tres Marias sphalerite-dominated ZnS.
Compositional-textural heterogeneity in the Tres Marias sample is observed at a scale finer than that of the microbeam used for the XANES measurements (~2 × 2 μm 2 ). This intrinsic micron-to nanoscale heterogeneity is expressed both texturally and compositionally in the Tres Marias material. This may be the result of a "two-stage deposition process: early Ge-Fe-rich Zn sulfide precipitated, surrounded by later Ge-Fe-poor Zn sulfide", the interpretation given by [9] . The data here indicate that early Fe-rich sphalerite (~8 wt% Fe; occurring as darkest structures on the SE images on Figures 2 and 3) , is the main Ge-carrier (up to ~1000 ppm Ge; [6] ), as shown by the correlation between compositional patterns ( Figure 4 ) and textures revealed by FIB cross-sectioning (Figure 2) . However, the sample also shows intergrowths between the dominant sphalerite and a lesser wurtzite component that could be part of a primary growth process rather than the product of two-stage crystallization. Considering the evidence for corrosion and pores ± inclusions in the (Ge-Fe)-rich area (Figure 2 ) it is more logical to assume a polystage formation. Moreover, from the more advanced porosity and cavities, partially filled by secondary minerals, in the (Ge-Fe)-poor areas (Figure 3 ), fluid-driven replacement can be inferred.
Transformation of sphalerite into wurtzite is promoted by (111)* twinning or lattice-scale defects ( Figure 5 ) and leads to a heterogeneous ZnS sample, in which the dominant component, sphalerite, can host up to ~20% wurtzite (X-ray powder diffraction data). Whereas crystal-structural control of transformation between the two ZnS polytypes is a common feature in many Zn-ores, Ge-enrichment is consistent with formation of Fe-rich sphalerite at Tres Marias. We note the similarity to textures described by [56] , in which Fe-rich, trace-element-bearing acicular sphalerite was considered to have formed as wurtzite and subsequently underwent transformation to sphalerite, even if the scenario favoured in this paper indicates a partial transformation of initial sphalerite into zones that contain intergrown wurtzite.
